Introduction
The AlH molecule, along with its isotopologue AlD, is one of the most studied metal-bearing diatomic hydrides because of its importance in astrophysics [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] and chemistry [11, 12, 13] . In addition both the neutral AlH molecule [14] and AlH + ion [15, 16, 17, 18] are very promising candidates for laser cooling [19] .
The emission spectrum of AlD was first observed by Holst and Hulthén [20] in 1934. The study was focused on the rotational analysis of the eight bands (0−0, 1; 1−0, 1, 2, 3; 2−1, 2) of the prominent A 1 Π−X 1 Σ + system. The rotational term values for the observed vibrational levels, band origin values and estimated values of the main molecular constants for the A 1 Π, v = 0, 1, 2 and X 1 Σ + , v = 0, 1, 2, 3 levels of AlD were obtained and reported. The authors have also observed a few rotational transitions beyond the predissociation limit in the A 1 Π state by using the arc-discharge technique in high deuterium pressure conditions. The predissociation data were used by Herzberg and Mundie [21] to estimate the dissociation energies of AlH and AlD. The predissociation phenomena in the A 1 Π state were also investigated by Olsson [22] at the low pressure discharge.
In 1948, Nilsson [23] supplemented previous measurement by recording many new lines, including lines beyond the predissociation limit in the A 1 Π state of the eight bands first observed by Holst and Hulthén [20] . He also discussed the pressure effect in the A 1 Π−X 1 Σ + system bands of AlH and AlD, observed in the arc-discharge.
The first rotational analysis of the C 1 Σ + −A 1 Π system of AlD includes the work of Balfour and Lindgren [24] in which they investigated the 0 − 0 and 1 − 1 bands. The bands were recorded up to the predissociation limit in the A 1 Π state, with the reciprocal dispersion of 0.5Å/mm. The resulting set of molecular constants for the C 1 Σ + , v = 0, 1 levels confirms the very early results given by Grabe and Hulthén [25] and by Khan [26] from investigation of the C 1 Σ + −X 1 Σ + system.
In the infrared, the ro-vibrational bands of the ground state of AlD were observed in absorption by Urban and Jones [27] using diode laser spectroscopy and in emission by White et al. [28] using Fourier transform (FT) spectroscopy. The experiments covered the same seven vibrational sequences, from 1 − 0 to 7 − 6, in the X 1 Σ + state. The emission spectrum [28] was much richer, specifically with many high−J value lines measured. Both studies resulted in the Dunham constants (Y ij ) for the X 1 Σ + state of AlD as well as the mass-independent Dunham coefficient (U ij ) and mass scaling coefficients (∆ ij ) for the ground state of AlH. The former works show that the spectroscopy of the AlH and AlD isotopologues can efficiently support the investigation of the effects of breakdown in the Born-Oppenheimer approximation in diatomic molecules containing hydrogen.
Halfen and Ziurys [29, 30] measured the pure rotational transitions of the AlD X 1 Σ + state (J = 2 ← 1 and J = 3 ← 2) by submillimeter direct absorption method near the 393.6 and 590.3 GHz regions. The rotational, electric quadrupole and nuclear spin-rotation constants were determined for the AlD isotopologue.
Although widely studied experimentally, there have been relatively few theoretical studies of AlD. Calculations of the vibration-rotational line strengths for the X 1 Σ + state have been carried out by Tipping et al. [31] in 1978. The hyperfine constants, rotational and vibration-rotation coupling constants as well as anharmonic vibrational frequencies for the ground state of AlH and AlD were recently calculated by Brown and Wasylishen [32] . The authors also widely compared present results with available previous theoretical and experimental data for the ground state of both isotopologues.
The present paper is a result of continuation of our recent spectroscopic studies on the emission spectra of AlH [33, 34, 35, 36] , AlH+ [37] and AlD [38] by high accuracy dispersive optical spectroscopy. The visible (VIS) spectra of the A 1 Π−X 1 Σ + and C 1 Σ + −A 1 Π systems of AlD are recorded by Fourier transform spectroscopy. The high-quality FT spectroscopic data provide significant improvement in wavenumber measurements for the observed bands of both systems under consideration. By including the most recent spectroscopic information on the ground X 1 Σ + state obtained from submillimeter [30] and infrared [28] studies, an improved set of the spectroscopic constants of the X 1 Σ + , A 1 Π and C 1 Σ + states of AlD was obtained. In addition, high quality ab initio techniques are used to produce potential energy curves of all the states recorded in the experimental study. 3 
Experimental details and observations
The AlD molecule was produced and excited by an electric discharge in a water-cooled hollow-cathode aluminium lamp with two anodes [39] . The anodes were operated at 2 × 400 V, 2 × 60 mA dc and an additional electric field was added between anodes in order to convert one of them into a cathode (400 V, 120 mA dc). A static mixture of the Ne buffer gas (∼ 2.5 Torr) and a trace amount of ND 3 (∼ 0.2 Torr, 99% of D 3 ) was let into the lamp.
In the preliminary experiment we observed that AlH bands occur in the spectrum, without any additional hydrogen source in the lamp. Evidently there were enough H-containing impurities to provide a significant AlH spectrum. The still electric discharge (of about 10 hours) causes a gradual decrease of the intensity of the AlH spectrum. When the AlH bands were approximately half their initial intensity we decided to let deuterated ammonia into the lamp. Consequently, a very satisfying intensity ratio of the AlD:AlH spectra was obtained (ca. 3 : 1).
A Fourier transform spectrometer (Bruker IFS 125HR), operated under vacuum conditions, was used to record the VIS spectrum of AlD. The photomultiplier tube was used as an internal detector to cover the 11, 000 − 32, 000 cm −1 spectral region. The low frequency region of observation was rejected (up to 17, 700 cm −1 ) by using a 575 nm shortpass filter (Edmund optics) in order to block out the strong Ne lines: none of the desired bands are found in the excluded region. The use of a filter led to an approximately sixfold improvement of the signal-to-noise ratio. Therefore, the weakest A 1 Π−X 1 Σ + , 0 − 1 and C 1 Σ + −A 1 Π, 1 − 1 bands could be registered. In total, 128 scans were co-added in ∼ 2.5 h of integration at a resolution of 0.03 cm −1 .
The spectral line positions were extracted from the observed spectrum using a data reduction program included in the Opus TM software package [40] . The peak positions were determined by fitting a Voight lineshape function to each spectral contour. The spectrum was calibrated with the measurements of the Ne atomic lines [41] . The AlD lines have width of ∼ 0.08 cm −1 and appear with a maximum signal-to-noise ratio of ∼ 1400 : 1 for the strongest A 1 Π−X 1 Σ + , 0 − 0 band. It limits the absolute accuracy of our measurements of the strong and unblended molecular transitions to ±0.002 cm −1 . However, the blended and/or weaker lines and the lines belonging to the weakest bands were measured with lower accuracy, which amounted to ±0.01 cm −1 .
The observed line positions of A 1 Π−X 1 Σ + and C 1 Σ + −A 1 Π systems are collected in Table 1 and 2. 21187.952 a Frequencies are given to three decimal places when known to better than 0.01 cm −1 and to two places when less accurate. b Blended line. w Weak line or weak band.
The
The six bands, 0 − 0, 1 and 1 − 0, 1, 2, 3 progressions, of the A 1 Π−X 1 Σ + system of AlD were observed. A search for the 2 − v" progression bands [20, 23] was unsuccessful, probably due to the too low discharge temperature in the lamp we used. The low-pressure discharge did not populate higher excited vibrational levels of the A 1 Π states. The 0 − 0 band is the strongest in intensity, while the 1 − 1 band has about 40% of the intensity of the 0 − 0 band. The other off-diagonal bands are much weaker in intensity (for details see Table 3 ).
The rotational structure of each band of the A−X transition consists of only three branches which are degraded to the red: a single R−, a single Q−, and a single P −branch. The lines of the Q−branch have approximately twice the intensity of the corresponding lines of the P −branch and R−branch. The lines of the R−branch form a characteristic band-head. An example of the high quality spectrum of the A 1 Π−X 1 Σ + , 1 − 0 band of AlD is illustrated in Fig. 1 .
The A 1 Π state is predissociated by rotation [20, 22, 21, 23] . The lowpressure discharge experiments [22, 38] report the last observed rotational levels as A 1 Π, v = 0, J = 29 and A 1 Π, v = 1, J = 19. The same phenomenon was observed in our strongest 0−0 and 1−1 bands of the A 1 Π−X 1 Σ + system. In the 0 − 0 band the last observed line is Q(29) and the Q(30) line is absent. For the 1 − 1 band the R(18), P (20) and Q(19) lines were recognized as the last ones. The other bands of the A 1 Π−X 1 Σ + system are definitely weaker and probably have much shorter lifetimes. 
The C 1 Σ + −A 1 Π system bands are very similar in structure to the A−X system bands, but they are violet degraded and formed the band-head in the P −branch (see Fig. 2 ). The C−A system bands were recognized as much weaker (see Table 3 ) and the last observed lines correspond to the A 1 Π, v = 0, J = 21 and A 1 Π, v = 1, J = 15 levels. This is considerably lower than in the work of Balfour and Lindgren [24] . The authors recorded the 0 − 0 and 1 − 1 bands of the C−A system up to predissociation limits of the A 1 Π state. 
Computational method
Ab initio calculations of the potential energy curves were performed at a post Hartree-Fock level using a parallel version of the MOLPRO [42] (version 2010.1) suite of quantum chemistry codes. An aug-cc-pV5Z basis set [43] was used on both atoms to describe the atomic orbitals. The active space consisted of all the valence orbitals (3s3p on Al and 1s on H) and the 4s Rydberg orbital on the aluminium atom (four electrons in eleven orbitals). The electron correlation was determined using both the State-Averaged Complete Active Space Self-Consistent Field [44] (SA-CASSCF) and the Multi-reference Configuration Interaction [45] (MRCI) methods (for static and dynamic correlation, respectively). Finally, the spin-orbit coupling (SO-coupling) present was determined [46] using the Breit-Pauli Hamiltonian and the same basis set, the long range value (r = 100a 0 ) of 116 cm −1 matching closely with the experimental value for the spin-orbit separation in the ground state Al atom (112 cm −1 ). The equilibrium bond length in the resulting X 2 Σ + state potential (r e = 1.637Å) was a superior match to experiment [28] than the aug-cc-pV6Z calculation without SO-coupling produced previously [14] by this group.
Experimental data analysis, results and discussion
The analysis of the experimental data was performed via a least-squares fitting procedure using the PGOPHER software [47] . All the most recent experimental data for AlD were incorporated into the global fit: • the current FT spectroscopy measurements of the A 1 Π−X 1 Σ + , 0 − 0, 1; 1 − 0, 1, 2, 3 and C 1 Σ + −A 1 Π, 0 − 0, 1 − 1 bands in the VIS region.
Each data set was weighted according to their claimed global accuracy. Relative weights of 1.0, 0.01 and 0.001 are assigned to the data from Halfen and Ziurys [30] , the data from White et al. [28] and the present FT data respectively. Within the two former data sets the uncertain frequencies of the weak and/or blended lines were individually weighted according to the obs.calc. values published in work [28] and according to the weakened and/or overlapping lines observed in the current measurements. The last assumption led to the extremely weak A 1 Π−X 1 Σ + , 0 − 1 and C 1 Σ + −A 1 Π, 1 − 1 bands being incorporated in the fit with significantly lower global weights of 0.003 and 0.005, respectively.
The root mean square error (rmse) value of the unweighted wavenumbers used in the fit is 0.004 cm −1 and is dominated by the uncertainties of the weakest bands mentioned above. The rmse value of the weighted residuals of the wavenumbers used in the global fit is 0.001 cm −1 , so the fitting model acceptably reproduced the experimental data set.
In total, 930 transition frequencies, of which 465 transitions came from the present measurements, were reduced to 62 parameters (11 vibrational term values + 51 molecular constants) describing altogether 12 vibrational levels of the X 1 Σ + , v = 0 − 7, A 1 Π, v = 0, 1 and C 1 Σ + , v = 0, 1 states of AlD.
The molecular parameters and vibrational term values of the X 1 Σ + , A 1 Π and C 1 Σ + states obtained from the final fit are presented and compared in Table 4 , 5 and 6. The band origin values and the statistical information about analyzed bands are summarized in Table 3 . Estimated on the basis of the strongest Q−line of the each band. c Total number of observed lines. d For the A 1 Π, v = 0, 1 levels. e Szajna et al. [38] . f Holst and Hulthén [20] . g Balfour and Lindgren [24] .
The differences between current and previous [24] band origin values for the 0 − 0 and 1 − 1 band of the C 1 Σ + −A 1 Π system warrants brief comment. The main reason for discrepancies is the use in work [24] of a different Hamiltonian model for the C 1 Σ + and A 1 Π states. In this approach, the rotational energy is expressed including the −BΛ 2 term [48] , where B is the rotational constant and Λ is the quantum number of the orbital angular momentum. The Λ equals 0 for the Σ state and 1 for the Π state. Therefore, the band origin values for the C−A system reported by Balfour and Lindgren [24] are smaller from the present results by the B 0 value of the A 1 Π state (about 3 cm −1 ).
Molecular constants of the X 1 Σ + state of AlD
The individual molecular constants of the ground state of AlD were presented by Halfen and Ziurys [29, 30] and Khan [26] for the v = 0 level and by Szajna et al. [38] for the v = 0, 1 levels. Moreover, the ground state constants can be calculated from the equilibrium parameters reported by White et al. [28] . The current experimental results for the v = 0, 1, 2, 3 levels are collected in Table 6 . 
Molecular constants of the A 1 Π state of AlD
The accurate constant values of the A 1 Π, v = 0, 1 levels, were most recently reported by Szajna et al. [38] from rotational analysis of the 0 − 0 and 1 − 1 bands of the A−X system of AlD. The fact, that the present measurements included many bands, involving v = 0, 1 levels of the A-state, makes the current results the most accurate and reliable to date.
The present values of the main constants, B 0,1 and D 0,1 , are generally slightly smaller than the previous early results [20, 23] (except of the B 0 constant reported by Holst and Hulthén [20] ). For the A 1 Π, v = 0 level the higher order centrifugal distortion constant M 0 was required. The fit of the A 1 Π−X 1 Σ + , 0 − 0 band without this constant gave an rmse value around 50% greater than that with the M 0 constant incorporated.
The current value of the Λ−doubling constant q 0 = 2.2720(22)×10 −3 cm −1 can be compared with the very early value q 0 = 2.0 × 10 −3 cm −1 [20] and recent value q 0 = 2.24(4) × 10 −3 cm −1 [24] . In the original paper of Balfour and Lindgren [24] the negative values of the q A 1 Π 0,1 constants were reported, probably due to the use of a different representation of the matrix elements for the constant q. For the same reason the H 0,1 constants of the C 1 Σ + state had positive values [24] .
The H 1 and L 1 constant values are approximately one order larger than those of the v = 0 level. It suggests that A 1 Π state is highly anharmonic with a shallow potential well. On the basis of ab initio calculations we know that only the v = 0, 1, 2 levels of AlD and v = 0, 1 levels of AlH [49, 14] are supported by the internuclear potential. The experimental work on AlD [20, 23] and on AlH [50, 51, 33 ] support the theoretical results. 
Refs. ).
Molecular constants of the C 1 Σ + state of AlD
To date, the only experimental results for the C 1 Σ + , v = 0, 1 levels were those derived from the investigation of the C 1 Σ + −X 1 Σ + [25, 26] and
The current H 0 and H 1 constant values are about two times smaller than those presented by Balfour and Lindgren [24] . The H 1 constant is larger in magnitude than H 0 , by a factor of five approximately. This may suggests that the C 1 Σ + state exhibits a relatively pronounced anharmonicity and also that the D 1 and H 1 constant are slightly correlated. The last situation is typical for the analysis of the bands for which a limited number of the rotational lines with high−J value are observed. [24] .
Originally the positive values of the H 0,1 constants were reported. e Grabe and Hulthén [25] . f Khan [26] . The C−X, 1 − 0 band origin value equals 45,639.41 cm −1 .
Computational results and discussion
The calculated MRCI+SO (MRCI with SO coupling) potential energy curves for the three electronic states in this spectroscopic study are shown in Fig. 3 . Note that the observed C-state forms the inner well of the 1st excited 1 Σ + state. The inset presents a more detailed view of the A 1 Π state that confirms the presence of a barrier first identified theoretically [53] by Langhoff and co-workers. In addition, there is clearly a shallower outer well, though the observed vibrational states are both localised on the deeper, inner potential well.
The aug-cc-pV5Z MRCI+SO calculation reported here underestimates the experimental [28] bond length of the X 1 Σ + state by 0.8 pm, a similar accuracy [55] to that demonstrated by Shi et al. in their study of the ground state alone. The values of r e and T e were generated using a spline of the spin-orbit ab initio data. The spectroscopic constants ω e and B e presented in Table 7 were both extracted through a least squares fit to the T v and B v (respectively) values that had been generated by solving the nuclear Schrödinger equation using the LEVEL [54] program (Version 8.2). The calculated vibrational spacings and B v constants in the X 1 Σ + state are all within 1% of the measured values.
The calculated T e for the A 1 Π state is just 33 cm −1 lower than the experimental value (26652 cm −1 ) previously reported by this group [38] . To find the ro-vibrational levels in the A 1 Π state the complex double well structure was replaced by a single potential representing the inner well alone. The accuracy of the resulting spectroscopic constants for v = 0 and 1 are better than 0.6% for the vibrational spacings and 0.5% for the rotational constants validating the approximation used. However, for vibrational levels above the lowest dissociation limit we expect the accuracy of this technique to fall and so these vibrational states are not tabulated here but the calculated vibrational separation G(2) -G(1) (661.8 cm −1 ) and rotational constant (B 2 = 2.5422 cm −1 ) are still within 1.5% and 2.5%, respectively, of the measurement by Holst and Hulthén [20] . It should be noted that v = 2 does appear to lie above both spin-orbit states of the Al atom ( Fig. 3 ). Despite only four electrons being active in the SO calculations, the computed splitting in the Al( 2 P) atom is much closer to the experimental values than an earlier study [56] using the same active space but a smaller basis set.
Finally, the agreement between experiment and ab initio results is rather poorer for the C 1 Σ + state but the rotational constants are still within 2%.
The error in the vibrational spacing is around 70 cm −1 (6%) suggesting that the shape of the inner well in the calculated 2 1 Σ + potential is not quite correct. This inner well has a large degree of Rydberg character and the present aug-cc-pV5Z basis set probably does not have sufficiently diffuse Gaussian functions to model this extended molecular orbital well.
The calculated Franck-Condon factors for both the A 1 Π -X 1 Σ + and C 1 Σ + -X 1 Σ + transitions are reproduced in Table 8 . 
0.9149 0.0825 v = 0 v = 1 0.0373 0.7279 0.0758 0.6951 v = 1 v = 2 0.0092 0.1470 v = 3 0.0008 0.0591 a All calculations were conducted using LEVEL [54] program and the values refer to the R(0) line.
Conclusions
Fourier transform emission spectroscopy was used to obtain the highresolution spectrum of AlD in the visible region. Eight bands belonging to the A 1 Π−X 1 Σ + and C 1 Σ + −A 1 Π electronic transitions were identified and analyzed. Combining the current results with previous rotational [30] and rovibrational [28] data allowed for an improved global fit with a new molecular constants and vibrational term values for the X 1 Σ + , A 1 Π and C 1 Σ + states of AlD. A new set of ab initio potentials calculated using the aug-cc-pV5Z basis set on the two atoms and including spin-orbit coupling are in excellent agreement with the experimental results.
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